Abstract-The nondestructive detection of defects in multilayer ceramic capacitors (MLC's) in surface mount printed circuit board assemblies has been demonstrated by using an improved digital speckle correlation method (DSCM). The internal cracks in MLC's that contribute to the thermal displacements on the MLC surface after dc electrical loading may be uniquely identified using this improved DSCM combined with double lens optical arrangement. However, it is found that Joule heating of the MLC sample takes time, and therefore the thermal displacements on the MLC surface are not obvious at the beginning of the dc electrical loading. In order to shorten the detection time and increase the resolution of the DSCM, a wavelet packet noise reduction process is introduced into the DSCM technique. This new algorithm is used to reduce the background noise in the signal so as to improve the accuracy of detection of defect locations and reduce the detection time. By introducing wavelet packet noise reduction processing, the DSCM is found to be more sensitive to and faster at detecting defects in MLC samples. Furthermore, the DSCM with wavelet packet noise reduction process can cope with the problems of edge effect, rough and warped surface, which are the limitations of Scanning Acoustic Microscope (SAM).
work [6] , we have demonstrated for the first time electronic speckle pattern interferometry (ESPI) as a new tool for the in situ and nondestructive detection of flaws in MLC's in surface mount PCB assemblies. Subsequently, we employed a combined digital speckle correlation method (DSCM) and double lens optical arrangement to enable higher resolution and greater precision in the measurements [1] , [7] . However, the accuracy of the DSCM is sometimes affected by the presence of noise which may come from the environmental instability, decorrelation of speckle images, or computational imprecision during the measurement process. In our recent work [8] , we have adopted the wavelet packet noise reduction process in the DSCM for removing various sorts of noise from signals. In this work, the application of this technique to MLC's will be presented in details. Comparison between this technique and scanning acoustic microscope (SAM) commonly using in NDT for electronic components will be discussed.
II. THEORY

A. Digital Speckle Correlation Method (DSCM)
When an object is illuminated by a laser, there are so-called speckle images appeared. If the object undergoes displacement or deformation, the speckle images will show displacement and the structure of the images will be changed. The digital speckle correlation method (DSCM) has been developed for displacement and deformation measurements [9] , [10] . The underlying principle of this method is to compare the two laser speckle images of an object and to search the same points in the images of the object before and after loading so that we can obtain the point pairs of maximum correlation coefficient . A point pair of maximum is interpreted as the same point on the object before and after loading. Then displacement of that point due to loading can be obtained according to its positions on the object before and after loading. For the intensity distribution, and , of two speckle images, the correlation coefficient shows how closely the two random variables and are related. The equation used for calculating in our improved DSCM is (1) shown at the bottom of the next page, where and are the mean values. If the two random variables and are related, according to the principles of probability and statistics [11] , the correlation coefficient distribution of (1) has unimodal character and this peak 1521-3323/00$10.00 © 2000 IEEE is sharper than the distributions obtained using other correlation equations as in Refs. [9] and [10] . Thus the measuring accuracy of our DSCM is much greater comparing to other digital speckle correlation measurements. Other improvements of our DSCM are the greatly reduced operation time and less stringent computation requirement. This was achieved by a cross-search algorithm [11] , instead of the original full-field search method, which developed based on the unimodal character and approximate symmetry of the correlation coefficient distribution. The principle of this algorithm is to search on the profile of the peak along the perpendicular direction and the horizontal direction until the maximum peak point is found. Moreover, some other calculation techniques such as the three point judgement method and the 0.618 optimum seeking method are also added to the algorithm [11] . After searching for the position of maximum , further subpixel processing is undergone using a bilinear interpolation algorithm [12] which reduces the amount of computation work by almost ten times in searching for maximum .
B. Wave Packet Noise Reduction Process
For the sake of improving the accuracy of the defect detection and reducing the detection time, a wavelet packet noise reduction process [8] has been employed to denoise the DSCM measurement. The algorithm, which combines the improved DSCM and the wavelet packet noise reduction process, is shown in Fig.  1 . In this algorithm, the specklegrams A and B are grabbed before the electrical loading while the specklegram C is grabbed after the electrical loading. The DSCM result (DSCM1) using the specklegrams A and B as an input is treated as a noise reference while the DSCM result (DSCM2) using the specklegrams B and C as an input is treated as a noisy displacement signal. Afterwards, DSCM1 and DSCM2 serve as input signals for the wavelet packet noise reduction process. After this noise reduction process, the noise reduced DSCM results are output.
The underlying principle of the wavelet packet noise reduction process is firstly to proceed to search for the "best" wavelet packet representation. Then a threshold in which those WT coefficients with amplitudes below the given threshold are set to zero is chosen based on the method selecting those WT coefficients with a minimum measure of the sequence's entropy [13] . The noise reduction step is to sort the coefficients of any optimal representation in decreasing order of their absolute value and then keep only the largest according to a fixed percentage of the total energy when the entropy of the sequence is less than some threshold. Finally the noise reduced signal is reconstructed from the retained coefficients. More detailed description of the theory can be seen in Appendix A or [8] .
III. EXPERIMENTATION
The samples studied in this work were X7R-type MLC's. Before thermal shock experiments, the electrical parameters, such as leakage current, capacitance and dissipation factors, of the samples were measured using a PC-based data analysis system consisting of an HP4284A LCR meter, an HP6624 dc power supply and a HP3458 digital multimeter. These measurements enabled us to ensure that the MLC samples were within the manufacturer's specifications. The thermal shock experiments were carried out by preheating the MLC samples to a certain temperature ranging from 50 to 600 C with an increment of 50 C. Then, the samples were quenched in liquid nitrogen (LN ) at -l96 C, cleaned in pure alcohol and dried at room temperature. Before performing the DSC measurements, the electrical parameters of the samples after thermal shock were also measured. The criterion of a failed MLC capacitor was taken as the leakage current after thermal shock being three to four orders of magnitude larger than that before thermal shock. Afterward, the MLC sample was mounted onto a printed circuit board (PCB) for the DSC measurements. A combined DSC method and double lens optical arrangement [6] was employed for the measurements of the minute surface deformation in the MLC's. Fig. 2 shows the whole setup of the DSC test. In this figure, a 5 mW He-Ne laser and expending lens were used to illuminate the MLC sample. A double lens optical apparatus including a mm camera lens and a zoom camera lens, was set up in order to obtain a high magnification of the specklegram for the MLC sample. A CCD camera, linked to the PC, recorded the specklegram, and the image was saved concurrently. Electrical loading provided by the electrometer, typically at the rated working voltage of the MLC, was applied to the sample for different durations up to 60 min. Then, a piece of custom software implementing the DSCM, was used to calculate the displacement distributions of the MLC surface and the results were displayed in three dimensional mesh graphs. After the DSC testing, the MLC samples were examined using destructive physical analysis (DPA). The samples were mounted in epoxy and then grounded and polished to the cross-sectioned surface being inspected under optical microscope. Fig. 3(a) -(c) show the three-dimensional (3-D) displacement mesh graphs of a "0603" X7R-type defective MLC sample S1 after 2, 5 and 10 min of 50 V dc electrical loading respectively. It can be seen in Fig. 3(a) that there are no obvious and significant displacements in the surface of the MLC sample after 2 min of electrical loading. As the loading time increases, quite obvious smooth surface displacements gradually emerge, Fig. 3(b) . As the loading time increases further, i.e. to 10 min, sharp displacement peaks appear, Fig. 3(c) . In fact, the increment of the electrical loading time results in direct Joule heating of the MLC sample [1] and this Joule heating causes the thermal expansion of the MLC sample, especially near the region of internal cracks [1] . Thus, the surface displacement near the region of the cracks is much larger than that of other regions inside the MLC sample. This large surface displacement due to internal cracks is seen as sharp displacement peaks in the 3-D mesh graph. Fig. 4 is a cross section of the MLC sample S1, which shows the presence of cracks (circled) near the surface of the MLC sample S1. This destructive physical analysis of the MLC sample S1 correlate well with the DSC results. However, it takes a long time (i.e. 10 min) to detect cracks accurately if we just use the sharp displacement peaks to find the cracks. In fact, there is a small depression visible in the 3-D displacement mesh graph at the beginning of applied electrical loading when we rescale Fig. 3(b) , as shown in Fig. 5(a) . It can be seen from Fig. 5(a) that it is hard to distinguish which peaks actually represent the defects due to the presence of background noise. For the sake of improving the accuracy of the defect detection and reducing the detection time, we employ a wavelet packet noise reduction process [8] to denoise the DSCM measurement. Fig. 5(b) shows the 3-D displacement mesh graphs of the sample S1 using DSCM with wavelet packet noise reduction process. It can be seen that the depression minimum is very clear. In fact, it matches precisely the location of the crack obtained from the cross section of the MLC sample S1. Fig. 6(a)-(c) shows the 3-D displacement mesh graphs of another MLC sample S2 (subjected to a thermal shock of 550 C by LN quenching) after 5, 10, and 20 min of 50 V dc electrical loading respectively. From Fig. 6(a) , there is only a little bit of displacement near the right side of the -axis after 5 min electrical loading. As the loading time increases, it can be seen that the hillock displacement peaks gradually enlarge. Fig. 7(a) and (b) show the cross section A and cross section B of defective MLC sample S2 respectively. The cross section A and cross section B represent the cross section near the edge and at the centre of the MLC sample S2 respectively, i.e. see Fig. 8 . By comparison between the 3-D displacement mesh graph in Fig. 6(c) and the pictures of the cross section of the MLC sample S2, the locations of cracks labeled with "a" and "b" quite match the hillock peaks of the 3-D displacement mesh graph. From Fig. 7(a) , it can be seen that the crack location "a" consists of two cracks superimposed together. Each crack at location "a" will have its own thermal displacement after the applied electrical loading. Thus, the mixed effect of thermal displacement of cracks at location "a" will give rise to obtain the hillock peak in the 3-D displacement mesh graph. That is why we obtain hillock peaks rather than sharp peaks in the 3-D displacement mesh graph of the defective MLC sample. When compared to the sharp displacement peaks shown in Section IV-A, it is found that the amplitude of the sharp peaks is about 40 times larger than that of the hillock peaks (the amplitude of sharp displacement peaks is about 8 pixels; while the amplitude of hillock displacement peaks is about 0.2 pixels). This indicates that the degree of displacement (or thermal expansion) near the location of cracks due to Joule heating for different MLC samples is not the same even for the same type of defects inside these samples. In addition, it is found from Fig. 7(b) that the location of crack "c" cannot be clearly revealed in the 3-D displacement mesh graph due to the presence of background noise. Therefore, we employ the wavelet packet noise reduction process again to see whether there is any improvement in the identification of crack locations. Fig. 9 shows the 3-D displacement mesh graphs of our defective MLC sample S2 after the wavelet packet noise reduction process. In this figure, the hillock displacement peaks can be seen very precisely and all these peaks match the destructive physical analyzes including the location of crack "c" in Fig. 7 . In comparison to Fig. 6 , the crack locations in Fig. 9 can be determined very clearly, thanks to the wavelet packet noise reduction process. This is so even though the electrical loading is just applied for 5 min. Without the noise reduction process, it takes 20 min electrical loading to partially reveal the crack location. Thus, by introducing the wavelet packet noise reduction process into the DSCM, the locations of cracks can be more accurately identified from the 3-D displacement mesh graphs and the time for defect detection in the MLC sample is much more reduced.
IV. RESULTS & DISCUSSION
A. Improvement on Crack Detection Using DSCM With Wavelet Packet Noise Reduction Process
B. Identification of Cracks With Small Thermal Expansion Using DSCM With Wavelet Packet Noise Reduction Process
C. Comparison with SAM
The nondestructive inspection technique that is most commonly and widely used for the detection of cracks and delaminations in electronic components is scanning acoustic microscopy (SAM) [4] . This is because SAM can clearly reveal the defects inside the electronic components, especially for the IC packages. In order to make comparison between the improved DSCM and SAM, we make use of our SONIX HS1000 SAM system to perform the inspection of defects. Fig. 10 shows the C-scan of one of our defective MLC samples using a 75 MHz transducer, in which a crack can be identified and is indicated with an arrow. One of the limitations of SAM is the edge effect. Fig. 11 shows how the edge effect influences the SAM image. Basically, the transducer generates a pulse of acoustic wave to the interface being inspected. Then, the receiver collects the pulse echo for the generation of SAM image. However, part of the acoustic wave will be scattered at the edge of the specimen. As a result, a small portion of the specimen near the edge cannot be clearly inspected due to the edge effect. Normally, about 2 mm thick portion from the edge of the specimen cannot be inspected for a 4 mm diameter of 75 MHz transducer [15] . This means that SAM is unable to clearly detect any defects near the edge of the specimen. As the trend of MLC is toward smaller size, the edge effect will affect more seriously to the accurate determination of defect in the MLC. The improved DSCM will not suffer from this problem.
Furthermore, we found that although the time for one single C-scan is very fast (about 1 min), experience is required to find the focus for each interface of the MLC. In our experience, it takes at least 5 min or even longer to focus at each interface. Moreover, it is found from Fig. 10 that the C-scan image of our defective MLC sample cannot be revealed very clearly. It is because the surface of the MLC sample is in fact a little bit warped. When the acoustic wave is incident onto the warped MLC surface, a portion of acoustic wave is reflected out of the detection range of the SAM receiver, and thus the C-scan image become blurred. For the improved DSCM, although the time including the detection and computer processing time is not very fast (about 10 min), no expertise is required to perform the inspection. Also, the DSCM with wavelet packet noise reduction process can cope with the problem of rough and warped surface since the program will compare the image before and after the electrical loading and subtract the background to give the actual displacement due to the defects.
In addition, due to the trend of high density electronic packaging, electronic components mounted on the PCB are very close together. Therefore, it may be difficult to use SAM to make an in situ inspection of defects due to the presence of surrounding electronic components acting as obstacles which may damage the ultrasonic transducer during scanning. The improved DSCM does not suffer from this problem.
V. CONCLUSION
Internal cracks in MLC samples can be identified using the improved DSCM. However, it is found that it takes time for Joule heating of the MLC sample to produce significant thermal displacement at the location of cracks. Moreover, it is difficult to detect accurately small displacements at the crack locations in the MLC sample due to the presence of background noise. By combining the improved DSCM with the wavelet packet noise reduction process, it is found that the detection time of cracks in MLC samples is much reduced with the crack locations in the MLC samples being uniquely identified due to the subtraction of the background noise from the displacement results obtained from the DSCM. Furthermore, the DSCM with wavelet packet noise reduction process can cope with the problems of edge effect, rough and warped surface, which are the limitations of SAM. Therefore, the improved DSCM with wavelet packet noise reduction process is found to be a powerful and quite fast method for the detection and identification of defects in small electronic components.
APPENDIX A
The underlying principle is firstly to proceed to search for the "best" wavelet packet representation. This is achieved by first computing the wavelet transform (WT) coefficients: (1) where denotes a signal to be analyzed and the sequence of functions is defined as (2) (3) in which and are the impulse responses of low-pass and high-pass unitary quadrature mirror filters (QMF's) [8] . We make use of the method introduced by Coifman and Wickerhauser [13] to select those WT coefficients with a minimum measure of the sequence's entropy. This simplifies the data set. Transposing these ideas into a given data set, the noise content of a signal reconstructed from this adaptively selected wavelet basis will be much better than in the wavelet basis. The Shannon entropy of the WT coefficients with a sequence is used and defined as [14] 
in which
It can be seen that the minimum function will give the minimum Shannon entropy for the measure. We search through the family of bases to find the one that minimizes the entropy. Since this measure is additive across Cartesian products of subspaces, we can examine orthogonal subspaces independently and minimize them locally. Afterward, they are recombined into a best basis for the whole space. We search the entire collection of basis subsets for the one in which has a representation with the minimum entropy. Because disorder is minimal when a useful signal is present, we keep the basis for which the entropy is minimal. The noise reduction step is to sort the coefficients of any optimal representation in decreasing order of their absolute value and then keep only the largest according to a fixed percentage of the total energy when the entropy of the sequence is less than some threshold. Finally the noise reduced signal is reconstructed from the retained coefficients.
